material [4] , [7] , (see Figure la) . Here, the neutron converter material is l~, which has a very high thermal neutron cross section of 3837 barns. When the thermal neutrons interact with lOB, the energetic charged particles produced (alpha and 7Li+) can then create electron-hole pairs within the semiconductor. Experience has revealed that single layers of this structure are limited to efficiencies of '" 4% [4] because the range of the energetically favorable alpha particle is 3.6 }lm in l~. In addition, stress in the l~film can further limit the thickness lower than that prescribed by range considerations alone. At the same time, a l~film thickness of approximately 54 Jlm (3 mean free paths) is needed to absorb the majority of the incoming thermal neutron flux, leading to conflicting design requirements for this device geometry.
The contradiction in scale lengths (3.6 }lm versus 54 }lm) is the hurdle to be overcome for producing high efficiency thermal neutron detectors using 1~as the converter material. This conundrum can be resolved with our three dimensional "Pillar Detector" device. Even though l~is recognized as being an ideal neutron conversion material, progress has been limited due to the lack of available material processes. To date, the ability to fill high aspect ratio structures with lOB remains a challenge. Fabrication of l~loaded semiconductors has been reported using evaporation and powder filling [5] . We have developed an approach utilizing chemical vapor deposition (CVD) with decaborane as the precursor to coat high aspect ratio structures with a conformal coverage [9] .
This work describes an innovative solid state device structure that leverages advanced semiconductor fabrication technology to produce an efficient device for thermal neutron detection which we have coined the "Pillar Detector".
State-of-the-art thermal neutron detectors have shortcomings in simultaneously achieving high efficiency, low operating voltage while maintaining adequate fieldability performance. By using a three dimensional silicon PIN diode pillar array filled with isotopic l~oron e~), a high efficiency device is theoretically possible. Here we review the design considerations for going from a 2-D to 3-D device and discuss the materials trade-offs.
The relationship between the geometrical features and efficiency within our 3-D device is investigated by Monte Carlo radiation transport method coupled with finite element drift-diffusion carrier transport simulations. To benchmark our simulations and validate the predicted efficiency scaling, experimental results of a prototype device are illustrated. The fabricated pillar structures reported in this work are composed of 2 Jlm diameter silicon pillars with a 2 Jlm spacing and pillar height of 12 Jlm. The pillar detector with a 12 Jlm height achieved a thermal neutron detection efficiency of 7.3% at a reverse bias of -2 V.
Introduction
Thermal neutron detection is routinely carried out by utilizing 3helium CHe) tubes. Conventional 3He tube neutron detectors can achieve very high thermal neutron detection efficiency. However, the use of these proportional counter type devices is encumbered by the required high operation voltage (1000 V), sensitivity to microphonics, large device footprint, and high tube pressure, all of which result in significant complications for routine deployment and air transport. These operating conditions make 3He tubes difficult to use in the field. To overcome these problems, several solid state thermal neutron detector concepts have been recently developed [1 ] - [6] .
Moving from a gas-based medium to a solid-state medium can dramatically reduce the size of the device because of the increase in the density of the neutron converter material.
One approach for solid state thermal neutron detection is to coat the thermal neutron converter material on the top of a semiconductor
Pillar Detector Design
The contradiction in scale lengths (3.6 fJm vs. 54 fJm) has been resolved with our 3-D Pillar Detector [3] , [6] , as shown in Figure 1b . To achieve high efficiency, the design optimization simultaneously demands building up thicker regions of the converter material while capturing the energy from the energetic ions. The geometrical design considerations, material selection and resulting efficiency simulations are discussed below.
Neutron Conversion Material Selection
Candidate solid-state materials for use in thermal neutron detection are shown in Table 1 , where the mean free path (mfp) is calculated by the inverse product of N (the nuclei per volume) and a (the microscopic cross section). This can be illustrated by evaluating the probability of neutron interaction as a function of thickness t, 'lint = l-exp(-t/mfp). One approach led by a group of researchers at the University of Nebraska uses semiconducting IOboron carbide [1] . In contrast to a "bulk" approach, Kansas State University researchers utilize a 3-D structure referred as silicon "perforation" technology with 6LiF as the conversion material [2] . However, from Figure 2 , it is evident that the highest probability amongst the candidate materials is the use of pure lOB and IOBsC. This can yield a thinner device for a given probability of interaction. Thinner device will correspondingly result in lower operation voltage and faster timing response. 
Pillar Spacing
The energy lost by the reaction by-products in the lOB portion and deposited in the Si portion of the detector was tracked for each event using an energy dependent change in energy per unit distance (dE/dx). To calculate dE/dx for alpha and 7Li in both the len and Si portions of the detector, the Monte Carlo program Stopping Range of Ions in Matter (SRIM) was used. Lateral and longitudinal straggling was neglected in the simulation. Table 2 shows the average range of reaction by products in len and Si for the both the ground state and 1st excited state. The neutron)en reaction is as follows: where the ground state has a probability of occurring 6% of the time and the first excited state 94% of the time.
Both the ground state and the first excited state were simulated. The 0.48 MeV gamma generated by the first excited state is assumed to escape from the device. 
Efficiency Roadmap
The efficiency of the device is more complicated than range and mean free path considerations alone [11] . The thermalization process the neutrons undergo before striking the detector results in a random orientation of incident neutrons.
The detection efficiency for a solid-state neutron detector is given by:
where 'lint is the probability of neutron interaction with lOB, '1 conv is probability that energetic ions reach semiconductor detector, 'I semi is the probability that energetic ions deposit enough energy in semiconductor to be detected, and '1rec is the efficiency reduction factor due to charge carrier recombination. The simulated total efficiency including all four efficiency components for several detector heights and geometries is shown in Figure 3 . The efficiency scales with pillar height as a larger percentage of incident neutrons react with the lOB. Also the efficiency scales inversely with diameter and spacing. For smaller pillar spacing, less energy is lost by the reaction by products before hitting the Si pillars.
Fabrication
Pillar Height (lJm) Figure 3 . Pillar structured thermal neutron detector efficiency roadmap.
For 1 11m diameter, 1 11m spacing and 100 11m height pillars an efficiency of 75% is predicted for a discriminator setting of 100 keY [11] .
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performed on a detector with 2 11m diameter pillars with 2 11m spacing and 12 11m pillar height ( Figure 5 ) [6] . Low reverse biased current density of 1.8xl0-4 A/cm 2 was measured at -1 V. Low leakage current is essential for high sensitivity to neutron events because this will set the noise floor for the device. The leakage current is comprised of bulk and surface components. The reverse biased current density of an unetched planar diode structure is on the order of 10-7 A/cm 2 , implying that the increase in leakage current is due to surface recombination. Further reduction of the leakage current can be achieved by passivating the large surface area side walls. Low voltage is also important for low power devices. The intrinsic region has a free carrier concentration of 10 13 cm-3 which requires -0.8 V for depletion. The neutron response of this detector was measured using a fission neutron source moderated by polyethylene blocks to yield thermal neutrons.
A thermal neutron detection efficiency of 7.3 % was achieved at -2 V ( Figure 6 ). The fabrication process begins by epitaxially growing p+ and i layers on an n+ silicon substrate by using an ASM Epsilon CVD. The pillar diameter and spacing is then defined lithographically. Plasma etching is used to create high aspect ratio structures utilizing an SF6 Bosch approach, followed by conformal coating of lOB on the pillar array. The ability to deposit conformal and uniform coating of lOB is one of the key steps to the success of the detector. Since the energetic ions are generated in the lOB, any gap between the semiconductor and the boron layer will decrease the detector sensitivity. Using a thermal chemical vapor deposition (CVD) system with lOB enriched decaborane as the precursor high fill factor lOB filling has been achieved [9] . Next, the "etch-back" is carried out using a Plasmaquest electron cyclotron resonance etching (ECR) system with a tri-source gas mixture to expose the p+ layer for contact formation. Lastly, aluminum is sputtered onto the structures to fabricate the electrodes [6] .
Characterization
Current versus voltage measurements were
Pillar Detector Scaling
The simulated efficiency data from Figure 3 is plotted against our measured results (2 J..lm diameter pillar with a 2 J..lm spacing, 12 J..lm height) as shown in Figure 7 . The required aspect ratio for high efficiency will be on the order of 25: I, for a 50 J..lm tall pillar, which is well within the state-of-the art for plasma etching techniques [12] . Figure 7 shows our status of pillar etch and fill technology of 25: I aspect ratio. 
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the resulting by-product ranges. The first radiation results of our proof-of-principle device show 7.3% efficiency with an aspect ratio of 6: I. This is the best result for a thermal neutron detector based on lOB without a stacking configuration. It is a major step towards scaling to a depth of 50+ Jlm for high efficiency thermal neutron detection. 
Summary
In summary, we have developed an innovative device that can take advantage of the high thermal neutron cross section of lOB by accommodating a large fraction of this material while simultaneously addressing the conflicting length scales of neutron absorption and
